Introduction
The spatial distribution of RNAs is considered a widespread phenomenon with possibly critical functional consequences (Buxbaum et al., 2015) . In the most comprehensive study to date, almost two-thirds of all mRNAs in Drosophila melanogaster exhibited subcellular localization patterns, including localization at areas of cell-cell contact (Lécuyer et al., 2007) . In mammalian cells, specific mRNAs localize to cell protrusions (Mili et al., 2008) and promote their formation (Mardakheh et al., 2015) . Dendritic mRNA transport and localized translation of select mRNAs at neuronal synapses has also been reported in vertebrates (Fernandez-Moya et al., 2014) . Overall, it has been proposed that RNA localization may be facilitating localized protein expression, efficient protein complex formation, signaling regulation, or mRNA retention under conditions of stress (Anderson and Kedersha, 2009; Weatheritt et al., 2014) . Nevertheless, the functional and mechanistic details of this phenomenon are still largely unexplored. Additionally, the presence and function of RNA transcripts at cell-cell junctions of mammalian epithelial cells has not been explored yet, with the exception of the junctional recruitment and local translation of the β-actin mRNA, which was shown to be necessary for adherens junction (AJ) assembly (Gutierrez et al., 2014) .
AJs are adhesive structures essential for the development and maintenance of the epithelial phenotype (Harris and Tepass, 2010; Takeichi, 2014) . Loss of AJ integrity results in developmental abnormalities and pathological conditions (Kourtidis et al., 2013; Yu and Elble, 2016) . Mature AJs associate with a circumferential actin ring in polarized epithelial cells, forming the apical zonula adherens (ZA; Harris and Tepass, 2010; Takeichi, 2014) . E-cadherin, the main AJ adhesion molecule in epithelial cells, associates with the protein family of catenins, which stabilize the structure, tether the cytoskeleton to the AJs, and mediate its downstream signaling (Harris and Tepass, 2010; Kourtidis et al., 2013; Takeichi, 2014; McCrea et al., 2015) . p120 catenin (p120) was originally identified as a substrate of the Src oncogene (Reynolds et al., 1989) , but soon afterward was recognized as a critical partner and stabilizer of E-cadherin and therefore of the AJs (Reynolds et al., 1994; Thoreson et al., 2000) . Although E-cadherin and p120 localize at both apical and basolateral areas of cell-cell contact, the p120 binding partner PLE KHA7 localizes exclusively at the apical ZA (Meng et al., 2008; Pulimeno et al., 2010; Kourtidis et al., 2015) , where it tethers the minus ends of microtubules (Meng et al., 2008) and promotes AJ integrity (Meng et al., 2008; Kourtidis et al., 2015) . PLE KHA7 has a striking functional role in regulating the first step of miRNA biogenesis by recruiting the microprocessor complex to the ZA (Kourtidis et al., 2015) . This way, Cumulative evidence demonstrates that most RNAs exhibit specific subcellular distribution. However, the mechanisms regulating this phenomenon and its functional consequences are still under investigation. Here, we reveal that cadherin complexes at the apical zonula adherens (ZA) of epithelial adherens junctions recruit the core components of the RNA-induced silencing complex (RISC) Ago2, GW182, and PAB PC1, as well as a set of 522 messenger RNAs (mRNAs) and 28 mature microRNAs (miRNAs or miRs), via PLE KHA7. Top canonical pathways represented by these mRNAs include Wnt/β-catenin, TGF-β, and stem cell signaling. We specifically demonstrate the presence and silencing of MYC, JUN, and SOX2 mRNAs by miR-24 and miR-200c at the ZA. PLE KHA7 knockdown dissociates RISC from the ZA, decreases loading of the ZA-associated mRNAs and miRNAs to Ago2, and results in a corresponding increase of MYC, JUN, and SOX2 protein expression. The present work reveals a mechanism that directly links junction integrity to the silencing of a set of mRNAs that critically affect epithelial homeostasis.
Cadherin complexes recruit mRNAs and RISC to regulate epithelial cell signaling PLE KHA7 promotes the processing of a small subset of miR-NAs that suppress anchorage-independent growth (Kourtidis et al., 2015) . In agreement, PLE KHA7 is consistently mislocalized or lost in breast and kidney patient tumor samples (Kourtidis et al., 2015; Tille et al., 2015) .
The microprocessor complex regulates the processing of primary miRNAs to precursor miRNAs in what is the first step in the miRNA maturation pathway (Gregory et al., 2004; Ha and Kim, 2014) . However, the RNAi machinery eventually fulfills its mRNA-silencing function via mature miRNAs that are incorporated in the RNA-induced silencing complex (RISC; Hammond et al., 2000 Hammond et al., , 2001 Krol et al., 2010) . RISC targets mRNAs to either translational repression or degradation, resulting in suppression of protein expression (Hammond et al., 2000; Pillai et al., 2005 Pillai et al., , 2007 Kiriakidou et al., 2007) . Therefore, beyond its action in regulating miRNA processing, we have now explored the interplay between PLE KHA7, RISC function, and the repertoire of mRNAs that are potentially regulated by PLE KHA7 and the ZA. Here, we show that PLE KHA7 associates with and recruits the RISC to the ZA. Furthermore, we demonstrate that specific sets of mRNAs and mature miRNAs associate with PLE KHA7 and the RISC at apical junctions, to regulate expression of critical regulators of epithelial cell behavior.
Results and discussion
PLE KHA7 associates with RISC and miRNA loading complex at the ZA Immunoprecipitation (IP) of PLE KHA7 in Caco2 intestinal epithelial cells and subsequent mass-spectrometry analysis identified RNA posttranscriptional modification as the top interacting network (Table S1 ). Literature interrogation revealed that this PLE KHA7 interacting network includes most known members of RISC (Höck et al., 2007; Landthaler et al., 2008) . In particular, the analysis suggested interaction of PLE KHA7 with Argonaute 2 (Ago2), the main enzymatic component of RISC that catalyzes miRNA-mediated silencing and degradation of mRNAs (Hammond et al., 2001; Liu et al., 2004; Meister et al., 2004 ; Table 1 ). It also revealed interactions of PLE KHA7 with the other essential RISC factors, TNRC6A (GW182), TNRC6B, and PAB PC1 (Eulalio et al., 2008;  Table 1 ). In addition, the proteomics revealed interactions with several accessory factors that have been previously associated with RISC and are also critical for its function, such as several HNR NP proteins, RNA helicases, heat shock proteins, and other RNA-binding proteins (Höck et al., 2007; Landthaler et al., 2008;  Table 1 ). A functional RISC requires the prior and transient formation of the miRNA loading complex (miRLC) that delivers miRNAs to Ago2, triggering subsequent RISC assembly (Chendrimada et al., 2005; Maniataki and Mourelatos, 2005) . Our proteomic analysis suggested that Dicer and TRBP, the main components of miRLC (Maniataki and Mourelatos, 2005) , also interact with PLE KHA7 (Table 1) . Combined, these data support the interaction of PLE KHA7 with all main components of the RNAi machinery required for miRNA-mediated mRNA silencing. PLE KHA7 is a junctional protein that strictly localizes to the apical ZA in polarized epithelial cells (Meng et al., 2008; Pulimeno et al., 2010; Kourtidis et al., 2015) . Therefore, PLE KHA7 proteomics suggest that the RISC components localize at the ZA, in addition to their widely reported cytoplasmic localization (Krol et al., 2010; Ha and Kim, 2014) . To examine this and also confirm the proteomics results, we looked at the subcellular localization of RISC core proteins Ago2, GW182, and PAB PC1 by costaining with PLE KHA7 or p120 in polarized monolayers of Caco2 and canine kidney MDCK cells, both classic models of epithelial cell morphology. Confocal microscopy revealed that Ago2, GW182, and PAB PC1 indeed colocalize with PLE KHA7 or p120 at the apical ZA in both Caco2 and MDCK cells, in addition to their expected abundant cytoplasmic distribution, whereas they were absent from the basolateral junctions ( Fig. 1 , A-C; and Fig. S1 , A-C). Furthermore, the junctional staining obtained with a different Ago2-specific antibody ( Fig. S1 D) , as well as the loss of junctional localization upon siRNA-mediated knockdown of Ago2 ( Fig. S1 E) , excluded the possibility of nonspecific staining and confirmed the presence of Ago2 at the ZA. In agreement with the proteomics and immunofluorescence data, co-IP of PLE KHA7 with Ago2, GW182, and PAB PC1 was detected by Western blot analysis, further confirming the interactions between these proteins ( Fig. 1 D and Fig. S1 F) . Ago2 and GW182 costaining further confirmed their colocalization at areas of cell-cell contact ( Fig. 1 E) .
Similar to the core RISC components, both Dicer and TRBP also exhibited apical junctional localization in polarized Caco2 cells (Fig. S1, G and H) . Western blot analysis confirmed the presence of Dicer and TRBP in PLE KHA7 immunoprecipitates from Caco2 cells ( Fig. S1 I) . The ability of PLE KHA7 to coimmunoprecipitate with Ago2 and Dicer was unaffected by RNase treatment of the cell lysates, indicating that these interactions are RNA independent ( Fig. S1 J) . The use of a different Dicer-specific antibody and elimination of Dicer junctional staining after siRNA-mediated knockdown further validated the specificity of these findings ( Fig. S1 K) . Together, the data demonstrate that PLE KHA7 associates with the core components of RISC and miRLC at the apical ZA in polarized epithelial monolayers.
Next, we asked whether the junctional localization of the core RISC component Ago2 depends on PLE KHA7. Indeed, knockdown of PLE KHA7 in Caco2 cells resulted in loss of Ago2 junctional localization ( Fig. 1 F) . PLE KHA7 is tethered to the junctions via p120 and E-cadherin (Meng et al., 2008) . Therefore, we examined whether the junctional localization of Ago2 is also dependent on p120 and E-cadherin. Knockdown of either p120 or E-cadherin resulted in loss of Ago2 junctional localization ( Fig. 1 , G and H), arguing that Ago2 is recruited to an E-cadherin-based junctional complex.
It is well established that activated Src negatively affects the integrity of E-cadherin-based AJs (Ozawa and Ohkubo, 2001; Irby and Yeatman, 2002) . We have previously shown that inhibition of Src activity strengthens PLE KHA7 localization to the junctions (Kourtidis et al., 2015) . Consequently, pharmacological inhibition of Src by PP2 also strengthened the junctional localization of Ago2 ( Fig. 1 I) , suggesting that Src activity disrupts localization of RISC to the ZA.
A calcium-switch assay showed that the membranous localization of Ago2 and GW182 was lost upon calcium depletion but was quickly recovered upon calcium readdition, behavior identical to that of the localizations of PLE KHA7 and p120 ( Fig. 1 J) . This observation further demonstrates that cadherin-based junctions are required for the membranous localization of RISC. Notably, RISC's localization at the junctions was not affected by nocodazole treatment during the calcium switch ( Fig. 1 J) , indicating that it is microtubule independent and therefore not associated with the microtubule-binding function of PLE KHA7 (Meng et al., 2008) . In agreement, the junctional localization of Ago2 was not affected after knockdown of Nezha ( Fig. S1 L) , a junctional protein that tethers PLE KHA7 to the microtubules (Meng et al., 2008) . Collectively, these results demonstrate that localization of RISC at the ZA depends on E-cadherin and the junctional presence of both p120 and PLE KHA7.
A diverse set of mRNAs and specific miRNAs associate with PLE KHA7 at the ZA The recruitment of the RISC to the apical junctions suggested that mRNAs are present and silenced at the apical ZA. To investigate this in a comprehensive fashion, we sought to isolate all mRNAs and miRNAs that are potentially bound to the ZA-associated RISC. To accomplish this, we performed RNA IP of PLE KHA7 after intracellular cross-linking (RNA-CLIP) followed by stringent washes to minimize the opportunistic interactions of PLE KHA7 complexes with RNAs during IP. Because PLE KHA7 is not known to be an RNA-binding protein on its own but would coprecipitate with RNAs indirectly via its associated RISC, we performed formaldehyde cross-linking to maintain both the protein-protein and the protein-RNA interactions of the PLE KHA7-associated complexes (Niranjanakumari et al., 2002; Darnell, 2010 ; see also Materials and methods). We then used the eluted RNA from these RNA-CLIPs to identify mRNAs by performing RNA deep sequencing and to detect miRNAs with the TaqMan Low Density Array Human Micro-RNA Panel (TLDA; Fig. 2 A) . Because of the IP, we reasoned that mRNAs selectively associated to PLE KHA7 should be enriched in the PLE KHA7 CLIP compared with their level in total cell lysates. Therefore, to increase stringency, we compared the RPKMs of the PLE KHA7 CLIP with the whole-cell RNA-seq RPKM counts and selected mRNAs that were more than fourfold enriched in the PLE KHA7 CLIP. This analysis yielded a total of 522 mRNAs ( Fig. 2 B and Table S2 ). Bioinformatic analysis showed that the top canonical pathways represented in this set of PLE KHA7-enriched mRNAs were the Hits are in alphabetical order for each category. HSP, heat shock protein. Figure 1 . Cadherin complexes recruit RISC to the apical junctions of polarized epithelial cells. Caco2 cells were grown to polarize and subjected to immunofluorescence for PLE KHA7 or p120 and the core proteins of the RISC complex Ago2 (A), GW182 (B), and PAB PC1 (C). Images were obtained by confocal microscopy, and image stacks were acquired across the entire polarized monolayer; representative apical-basal images are shown. Enlarged parts of images on top of each stack indicate areas of cell-cell contact. (D) Western blots of PLE KHA7, p120, Ago2, GW182, and PAB PC1 IPs of Caco2 cells for the same markers. IgG is the negative control. Molecular masses (kD) are indicated on the right. (E) Confocal microscopy images after immuno-Wnt/β-catenin signaling pathway, TGF-β pathway, cancer signaling, and stem cell regulation ( Fig. 2 C) . Notably, one of the top PLE KHA7-enriched mRNAs was JUN ( Fig. 2 B) , a master regulator of oncogenic transformation (Vogt, 2001) . Two other mRNAs that were highly enriched in both the PLE KHA7 CLIPs and the top pathways were the MYC oncogene, also a stem cell regulator, and SOX2 ( Fig. 2 B) , another major factor of pluripotency (Bernhardt et al., 2012) .
A functional RISC at the ZA entails silencing of mRNAs by associated miRNAs. Indeed, the TLDA analysis revealed 28 mature miRNAs to be enriched in the PLE KHA7 CLIPs of 758 examined ( Fig. 2 D and Table S3 ). This set of miRNAs included members of the miR-30 family, in particular miR-30b, miR-30c, and miR-30e ( Fig. 2 D) ; members of the miR-17-92 polycistronic family, namely miR-17, miR-19a, miR-19b, and miR-92a (He et al., 2005) ; the tumor suppressor miR-24; and the epithelial-mesenchymal transition (EMT) suppressor miR-200c (Mutlu et al., 2016; Fig. 2 D) .
We then investigated the potential regulation of PLE KHA7-enriched mRNAs by miRNAs that also coprecipitated with PLE KHA7. Because the putative interactions between the 522 mRNAs and 28 miRNAs are numerous and beyond the scope of this study, we narrowed our search to the potential regulation of already validated mRNA-miRNA pairs by PLE KHA7, as a proof of concept, using miRTarBase (Chou et al., 2016) . Although this approach is weighted toward heavily studied mRNAs and miRNAs, it allowed for faster identification of functionally relevant mRNA-miRNA interactions potentially mediated by PLE KHA7. Indeed, the search yielded more than a hundred validated interactions between 18 miRNAs and 53 mRNAs that were found to be enriched in the PLE KHA7 RNA-CLIPs ( Fig. 2 E and Table S4 ). Notably, this search showed that JUN, MYC, and SOX2 are validated targets of miR-24, miR-200c, and miR-203a ( Fig. 2 F and Table S4 ). In situ hybridization (ISH) analysis followed by PLE KHA7 co-immunofluorescence confirmed the presence of JUN, MYC, and SOX2 mRNAs, as well as miR-24, miR-200c, and miR-30b at the junctions (Fig. 3 , A-D). In summary, PLE KHA7 coprecipitates and colocalizes with a select subset of cellular mRNAs and a small set of miRNAs that potentially regulate their expression at the ZA.
PLE KHA7 suppresses expression of JUN, MYC, and SOX2 mRNAs via Ago2 loading
PLE KHA7 coprecipitates with RISC and several mRNAs and miRNAs with previously validated interactions ( Fig. 2 F and  Table S4 ). However, for these miRNAs to suppress their target mRNAs, they should both be loaded onto Ago2 and the PLE KHA7-associated RISC. RNA-CLIP assays and subsequent quantitative PCR (qPCR) analysis verified the coprecipitation of miR-24, miR-200c, and miR-203a and JUN, MYC, and SOX2 mRNAs with PLE KHA7, but also showed that these RNAs coprecipitate with Ago2, indicating that they are indeed loaded into RISC (Fig. 4, A and B) .
It has been previously demonstrated that phosphorylation of Ago2 at S387 promotes miRNA-mediated translational repression of mRNAs (Zeng et al., 2008; Horman et al., 2013) , whereas phosphorylation of Ago2 at Y393 inhibits its function (Shen et al., 2013) . Detection of Ago2 phosphorylation at these sites by immunofluorescence showed that the junctional Ago2 is phosphorylated at S387 but not at Y393 ( Fig. 4 C) , suggesting that the junctional Ago2 is indeed active and primed to silence downstream mRNA targets. The specificity of the junctional localization of Ago2 phosphorylation at S387 was confirmed by siRNA-mediated knockdown ( Fig. S2 A) . As with total Ago2, the junctional localization of Ago2-S387 was lost after PLE KHA7 or p120 knockdown ( Fig. S2 B) but was retained after knockdown of Nezha (Fig. S2 B) . PLE KHA7 also coprecipitates with Ago2-S387 ( Fig. S2 C) . Interestingly, proximity ligation assay (PLA) showed that PLE KHA7 and Ago2-S387 are in close proximity specifically at areas of cell-cell contact ( Fig. 4 D) . These results demonstrate that PLE KHA7 associates and interacts with an active RISC specifically at the junctions.
PLE KHA7 knockdown results in dissociation of RISC from the ZA (Fig. 1 F) . Therefore, we reasoned that loss of a functional RISC at the ZA would result in reduced loading of PLE KHA7-associated mRNAs and miRNAs to Ago2. Indeed, PLE KHA7 knockdown resulted in decreased loading of JUN, MYC, and SOX2 mRNAs, as well as miR-24, miR-200c, and miR-203a miRNAs, to Ago2 (Fig. 4 , E and F). Knockdown of p120, which also affects junctional localization of Ago2 ( Fig. 1 G) , resulted in similar decreases of miRNA and mRNA loading to RISC (Fig. S2 , D and E), showing that this regulation is indeed junction specific. The loss of functional RISC at the ZA and the decreased Ago2 loading after PLE KHA7 knockdown also imply that the silencing of these mRNAs would be alleviated and their protein levels should be increased upon PLE KHA7 loss. In agreement, PLE KHA7 knockdown resulted in up-regulation of JUN, MYC, and SOX2 at the protein level (Fig. 4 , G and H). Finally, transfection of cells with anti-miRs targeting miR-24, miR-200c, and miR-203 also led to the up-regulation of the protein levels of (a) MYC by anti-miR-24, (b) SOX2 by anti-miR-200c, and (c) JUN by anti-miR-200c and anti-miR-203a, indicating that these mRNAs are indeed regulated by the above miRNAs in these cells (Fig. 4 , I and J). SOX2 expression was also regulated by the stemness-inhibiting miR-203a (Wellner et al., 2009 ) and miR-24, suggesting additional direct or indirect regulation of SOX2 by these miRNAs (Fig. 4 , I and J). Overall, these results demonstrate that the junctional RISC is active, mediating suppression of JUN, MYC, and SOX2 protein expression in a PLE KHA7-dependent manner ( Fig. 4 K) .
In summary, our data reveal a mechanism whereby cadherin complexes at the ZA of non-transformed epithelial cells recruit a set of mRNAs and an active RISC to regulate the levels fluorescence of Caco2 cells for GW182 and Ago2. Enlarged parts of images on top indicate areas of cell-cell contact. (F) Immunofluorescence of control (nontarget; NT) or PLE KHA7 knockdown (shPLE KHA7) Caco2 cells for Ago2, costained for PLE KHA7. PLE KHA7 background intracellular staining is an artifact of paraformaldehyde fixation. (G) Immunofluorescence of control (NT) or p120 knockdown (shp120) Caco2 cells for Ago2, costained for p120. (H) Immunofluorescence of control (NT) or E-cadherin knockdown (shE-cadherin) Caco2 cells for Ago2, costained for E-cadherin. (I) Caco2 cells treated with either vehicle control (DMSO) or the Src inhibitor PP2 were costained by immunofluorescence for p120 and Ago2. Colocalization of the Ago2 and p120 signals (bottom) was calculated using the Manders coefficient and expressed as fold change of the DMSO control (mean ± SD from n = 3 independent experiments; *, P < 0.02, Student's two-tailed t test). (J) Calcium switch assay of Caco2 cells for the indicated time points after Ca 2+ readdition (Ca 2+ : 0 min indicates Ca 2+ depleted cells immediately before Ca 2+ readdition), treated with vehicle (control) or 10 µM nocodazole and stained by immunofluorescence for α-tubulin, PLE KHA7, p120, Ago2, and GW182. Bars, 20 µM. Insets are magnified 3×.
of key proteins affecting cell behavior ( Fig. 4 K) . Combined with our recent work on the microprocessor (Kourtidis et al., 2015) , the data provide comprehensive evidence for the presence of all essential components of the RNAi machinery in a single cellular compartment, the ZA. This expands our view of ZA-mediated cellular signaling but also uncovers a new function of the RNAi machinery in non-transformed epithelial cells. Until now, the subcellular localization of RISC components was primarily discussed in the context of cytoplasmic GW-bodies and processing bodies (p-bodies; Jakymiw et al., 2005 Jakymiw et al., , 2007 or stress granules, which mainly form under certain conditions of stress (Leung et al., 2006; Anderson and Kedersha, 2009 ). Both structures have been shown to be sites of mRNA translational silencing or degradation, as well as mRNA storage, exhibiting common and distinct features between them (Anderson and Kedersha, 2009; Stoecklin and Kedersha, 2013) . However, here we present evidence that the specific localization of RISC at the ZA and the silencing of mRNAs occur under normal physiological conditions, in polarized monolayers of non-transformed epithelial cells. It has been proposed that p-bodies and stress granules act as hubs that facilitate the interaction of different RNA-related components to influence cell signaling (Anderson and Kedersha, 2009; Kedersha et al., 2013) . We postulate that the ZA plays a similar role by facilitating the sequestration and silencing of particular mRNAs to regulate specific signaling pathways. Indeed, we identify only subsets of RISC proteins (Fig. 1, A-C; and Fig. S1 , A-C), mRNAs (522 of >30,000 sequenced transcripts expressed in Caco2s, based on RNA-seq; Fig. 2 B and Table S2 ), and miRNAs (28 of 758 examined; Fig. 2 C and Table S3 ). Our data suggest that through this mechanism, PLE KHA7 and the apical ZA act as epithelial adhesion "sensors" to accordingly regulate cellular behavior through specific targets.
To identify PLE KHA7-associated miRNA-mRNA functional interactions, we mined miRTarBase, a database of previously validated miRNA-mRNA pairs. Of these interactions, we successfully confirmed that PLE KHA7 regulates at least three important mRNA targets, JUN, MYC, and SOX2. JUN and MYC are oncogenes and strong drivers of epithelial cell growth, migration, and tumor progression, which is consistent with the ability of PLE KHA7 to suppress cell growth and its common loss or mislocalization in human cancer (Kourtidis et al., A total of 28 miRNAs exhibited Ct values in the PLE KHA7 RNA-CLIP that were above the negative control (IgG) RNA-CLIP; the mean is shown (Ct IgG/Ct PLE KHA7 column, n = 3 independent experiments). See also Table S3 . (E and F) Schematics indicating the number and validated interactions (as reported in miRTar) of the PLE KHA7-enriched mRNAs and miRNAs. See also Table S4. 2015; Tille et al., 2015; Kourtidis and Anastasiadis, 2016a,b) . Interestingly, previous studies have shown that depletion of E-cadherin or expression of a dominant negative E-cadherin mutant results in increased JUN expression and subsequent AP1 activation via an unidentified posttranscriptional mechanism (Andersen et al., 2005; Knirsh et al., 2009; Spangler et al., 2011) . Our work now sheds light on this mechanism by showing that cadherin complexes at the ZA recruit JUN mRNA and silence it via a junction-associated RISC. MYC and SOX2 are also essential drivers of pluripotency (Bernhardt et al., 2012) . Dedifferentiation of epithelial cells during EMT is common in cancer and promotes a stem cell-like phenotype (Bernhardt et al., 2012; Fabregat et al., 2016) . Interestingly, our pathway analysis identified molecular mechanisms of cancer and human embryonic stem cell pluripotency as two of the major canonical pathways highly represented in the PLE KHA7-enriched mRNAs (Fig. 2 C) . The two other pathways that were highly represented in this analysis were the Wnt/β-catenin and TGF-β signaling pathways (Fig. 2 C) , which are major players in epithelial cell growth (Polakis, 2012; Katsuno et al., 2013) and are intimately linked to cell adhesion (Katsuno et al., 2013; Mc-Crea and Gottardi, 2016) . Although these data provide a first glimpse into all the potential signaling pathways affected by ZA-associated RISC, they argue that the latter may affect central pathways regulating epithelial monolayer homeostasis, cell growth, and stemness. The diverse set of PLE KHA7-associated mRNAs implies a large regulatory network affected by the integrity of apical cell-cell junctions and provides an unexpected mRNAs; an ER-specific PPIB probe was used as the positive control and a bacterial DapB RNA probe as the negative control. (B) Quantification of mRNA colocalization to the junctions by using the Manders coefficient, expressed as fold difference of the junctional colocalization of the PPIB control (mean ± SEM from n = 6 fields; *, P < 0.01, Student's two-tailed t test). (C) ISH of Caco2 cells for miR-24, miR-200c, and miR-30b miRNAs; a nuclear-specific U6 small RNA probe was used as the positive control and a scrambled miRNA probe as the negative control. (D) Quantification of miRNA colocalization to the junctions by using the Manders coefficient, expressed as fold difference of the junctional colocalization of the U6 control (mean ± SEM from n = 6 fields; *, P < 0.04, Student's two-tailed t test). In all cases, ISH was followed by PLE KHA7 co-immunofluorescence and DAPI staining. (C) Immunofluorescence of Caco2 cells costained for p120 and total Ago2, pS387-Ago2, or pY393-Ago2. Enlarged parts of images mechanism by which cell-cell adhesion broadly affects cellular signaling and epithelial homeostasis. Although we validated regulation for a small set of the PLE KHA7-associated mRNAs ( Fig. 2 B and Table S2 ), such as JUN, MYC, and SOX2, there are numerous putative interactions between the PLE KHA7enriched mRNAs and miRNAs ( Fig. 2 E and Table S4 ). The present work lays the foundation for the systematic interrogation of this regulatory network and its potential role in epithelial cell behavior and human disease.
Materials and methods

Cell culture, reagents, and chemicals
In all comparisons, cells were used strictly at the same confluences. All cell lines were obtained from ATCC, used at low passage (<20), and tested negative for mycoplasma contamination. Caco2 colon epithelial cells were cultured in MEM (Cellgro) supplemented with 10% FBS (Invitrogen), 1 mM sodium pyruvate (Invitrogen), and 1× nonessential amino-acid supplement (Mediatech). MDCK canine kidney epithelial cells and HEK 293FT human embryonic kidney cells were cultured in DMEM supplemented with heat-inactivated 10% FBS. PP2 was obtained from Calbiochem and used to treat cells at 10 µM for 24 h.
shRNAs, siRNAs, and anti-miRs
Cells were transfected using Lipofectamine 2000 (Invitrogen) or Lipofectamine RNAiMAX (Invitrogen) for anti-miR and siRNA transfection, according to the manufacturer's protocols. Lentiviral shRNAs were derived from the pLKO.1-based TRC1 (Sigma-Aldrich/RNAi Consortium) shRNA library (pLKO.1-puro Non-Target shRNA Control, SHC016; PLE KHA7 #8, TRCN0000146289; PLE KHA7 #10, TRCN0000127584; E-cadherin #21, TRCN0000039664; and E-cadherin #23, TRCN0000039667) and the pLKO.5-based TRC2 library (pLKO.5-puro Non-Target shRNA Control, SHC216; NEZ HA #72, TRCN0000268676; and NEZ HA #73, TRCN0000283758). Lentiviruses were produced in HEK293FT cells and used to infect cells according to standard protocols. Retroviral pRetro-Super nontarget shRNA control and p120 shRNA were prepared and used as described previously (Kourtidis et al., 2015) . SMA RTpool (Dharmacon) siRNAs used were Ago2, M-004639-00-0005; Dicer, M-003483-00-0005; and nontarget, D-001206-14-05. mirVana (4464084; Life Technologies) anti-miRs used were anti-hsa-miR-24, ID MH10737; anti-hsa-miR-200c, ID MH11714; anti-hsa-miR-203a, ID MH10152; and negative control #1 (4464076).
Antibodies
The primary antibodies used in the present study were PLE KHA7 (HPA038610; Sigma-Aldrich), p120 (33-9600; Life Technologies), E-cadherin (610182; BD Transduction Labs), Ago2 (ab57113; Abcam), Ago2 (28550002; Novus Biologicals), Ago2 (AP5281; ECM Biosciences), pAgo2 S387 (AP5291; ECM Biosciences), pAgo2 Y393 (AP5311; ECM Biosciences), GW182 (sc-56314 and sc-377006; Santa Cruz Biotechnology), PAB PC1 (04-1467), Dicer (SAB4200087; Sigma-Aldrich), Dicer (sc-136979; Santa Cruz Biotechnology), TRBP (ABE623; Millipore), SOX2 (2748; Cell Signaling Technology), JUN (9165; Cell Signaling Technology), MYC (13-2500; Life Technologies), Nezha (SAB4200415; Sigma-Aldrich), and Actin (A2066; Sigma-Aldrich). Working dilutions were 1:50 to 1:500 for immunofluorescence and 1:500 to 1:2,000 for Western blot.
The secondary antibodies used in the present study were HRP anti-mouse (715-035-150; Jackson ImmunoResearch Laboratories), HRP anti-rabbit (711-035-152; Jackson ImmunoResearch Laboratories), Alexa Fluor 488 anti-mouse (A-11029), Alexa Fluor 488 antirabbit (A11034; Life Technologies), Alexa Fluor 594 anti-mouse (A-11005; Life Technologies), and Alexa Fluor 594 anti-rabbit (A-11037; Life Technologies). Working dilutions were 1:500 for immunofluorescence and 1:2,000 for Western blot.
Immunofluorescence MDCK and Caco2 cells were grown on Transwell inserts (Costar 3413) for 7 or 21 d, respectively, until they polarized or on sterile glass coverslips until they reach full confluence. Cells were washed once with PBS and fixed with either 100% methanol (Thermo Fisher Scientific) for 7 min or 4% formaldehyde (Electron Microscopy Sciences) for 20 min, followed by 0.02% Triton X-100 permeabilization for 10 min. Cells were blocked with either 3% nonfat milk (Carnation) in PBS or Protein-Block reagent (X090930-2; Dako) for 30 min and stained with primary antibodies diluted in either milk or Antibody Diluent (S302281-2; Dako) for 1 h. Cells were then washed three times with PBS, stained with the fluorescent-labeled secondary antibodies for 1 h, washed three times with PBS, costained with DAPI (Sigma-Aldrich) to visualize the nuclei, mounted (Aqua Poly/Mount; Polysciences), and imaged using a Zeiss LSM 510 META laser confocal microscope, under a 63× objective, with an additional 1.6× zoom. z-Stacks were acquired in 0.5-µM intervals. Images, stacks, and x-z representations of the image stacks were processed using Zen software (Zeiss). The Coloc 2 module of Fiji software was used to calculate the Manders coefficient (with Costes threshold regression) for colocalization measurements.
Immunoblotting
Whole-cell extracts were obtained using RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, and 0.1% SDS) supplemented with protease (cocktail III, RPI) and phosphatase inhibitors (Pierce). Lysates were homogenized through a 29-G needle and cleared by full-speed centrifugation for 5 min. Protein quantification was performed using the BCA assay (Pierce). Protein extracts were mixed with Laemmli sample buffer and separated by SDS-PAGE, transferred to nitrocellulose membranes (Bio-Rad), blotted accordindicate areas of cell-cell contact. Bar, 20 µM. Insets are magnified 3×. (D) Caco2 cells transfected with a myc-tagged PLE KHA7-expressing construct were subjected to PLA using myc and Ago2-pS387 antibodies (PLE KHA7+ Ago2-S387), myc and p120 antibodies as the positive control (PLE KHA7+ p120), or myc (PLE KHA7) antibody alone, as the negative control. The PLA and combined PLA-phase contrast-DAPI (PLA-PH-DAPI) images are shown. (E) qRT-PCR for the indicated mRNAs after Ago2 RNA-CLIP of PLE KHA7 knockdown (shPLE KHA7) or control (nontarget; NT) Caco2 cells (mean ± SD from n = 3 independent experiments; *, P < 0.05, Student's two-tailed t test). (F) qRT-PCR for the indicated miRNAs Ago2 RNA-CLIP of PLE KHA7 knockdown (shPLE KHA7) or control (NT) Caco2 cells (mean ± SD from n = 3 independent experiments; *, P < 0.005, Student's two-tailed t test). (G) Western blot for the markers shown of control (NT) or PLE KHA7 knockdown Caco2 cells (shPLE KHA7; #8 and #10 indicate two different shRNAs; see also Materials and methods). Actin is the loading control. Molecular masses (kD) are indicated on the right. (H) Quantification of the raw band intensities of the blots, expressed as fold change of Actin loading control (mean ± SD from n = 3 independent experiments; *, P < 0.05, Student's two-tailed t test). (I) Western blot of Caco2 cells transfected with the indicated anti-miRs (a-miR) for the displayed markers; Actin is the loading control. Molecular masses (kD) are indicated on the right. (J) Quantification of the raw band intensities of the blots, expressed as fold change of Actin loading control (mean ± SD from n = 3 independent experiments; *, P < 0.05, Student's two-tailed t test). (K) Schematic summarizing the present results: the ZA recruit RISC and a specific set of miRNAs and mRNAs to suppress expression of growth markers, such as JUN, MYC, and SOX2.
ing to standard protocols, detected by luminescence using ECL (GE Healthcare), and imaged using x-ray films (Pierce). Band quantifications were performed using the Raw Integrated Intensity module of Fiji and expressed as fold changes of the respected Actin loading controls.
IP and proteomics
Cells were grown on 10-cm plates until fully confluent, placed on ice, washed twice with ice-cold PBS, and lysed with ice-cold Triton X-100 lysis buffer (150 mM NaCl, 1 mM EDTA, 50 mM Tris, pH 7.4, and 1% Triton X-100) containing 2× protease (cocktail III, RPI) and phosphatase inhibitors (Pierce). Four 10-cm plates (∼3 to 4 × 10 6 cells) were used per IP. In parallel, 4 µg antibody or IgG control (011-000-003; Jackson ImmunoResearch Laboratories) was incubated with 40 μl Protein G Dynabeads (Invitrogen) overnight at 4°C with constant end-to-end rotation and then washed three times with IP lysis buffer. Cell lysates were incubated with the bead-conjugated antibodies overnight at 4°C with constant end-to-end rotation. Beads were then washed three times with IP lysis buffer and eluted using 50 mM DTT (Sigma-Aldrich) in lysis buffer at 37°C for 45 min, with constant agitation. Eluted proteins were separated by SDS-PAGE, as described above. RNase treatments of IPs were performed as previously described (Höck et al., 2007) ; in brief, beads were distributed equally after the final wash into two tubes with either 1.5 ml PBS or PBS containing 100 mg/ml RNase A (Sigma-Aldrich). After incubation at 4°C for 1.5 h, beads were washed three times with PBS, extracted using 50 mM DTT (Sigma-Aldrich), mixed with Laemmli sample buffer, and analyzed by Western blotting.
For proteomics, eluted proteins were subjected to SDS-PAGE and gels were silver-stained (Pierce SilverSnap kit), according to the manufacturer's protocol. Gel slices were selected and excised using sterile scalpels and destained, reduced, and alkylated before digestion with trypsin (Promega). Samples were analyzed using nano-HPLC-electrospray tandem mass spectrometry in a ThermoFinnigan LTQ Orbitrap Hybrid Mass Spectrometer (ThermoElectron Bremen). Mascot (Matrix Sciences) was used to search the Swissprot database to identify isolated peptides. Common contaminants such as trypsin, casein, and keratin and microbial-specific proteins were removed from analysis.
Calcium switch assay
Caco2 cells were grown on coverslips until confluence, pretreated with either DMSO (control) or 10 µM nocodazole for 1 h to dissolve microtubules, and washed three times with calcium-free PBS and incubated in calcium-free Caco2 medium (11380-037; Life Technologies, supplemented with glutamine, 10% FBS, sodium pyruvate, and MEM) containing 4 mM EGTA for 30 min, until cells were rounded, while being kept in either DMSO or 10 µM nocodazole, respectively. Cells were then washed three times with PBS, returned to regular Caco2 medium, again with DMSO or nocodazole, and fixed for immunofluorescence for the indicated time points.
Total RNA isolation and qRT-PCR Cells were lysed using Trizol (Invitrogen) and subjected to the Trizol Plus Total Transcriptome Isolation protocol of the PureLink RNA mini kit (Ambion; Life Technologies) specified to isolate both mRNAs and miRNAs. Final RNA concentrations were determined using a NanoDrop spectrophotometer. RNA was converted to cDNA using the High Capacity cDNA Reverse transcription kit (Applied Biosystems). qPCR reactions were performed using the Taqman FAST Universal PCR master mix (Applied Biosystems), in a 7900 HT or ViiA 7 Thermocycler (Applied Biosystems). Data were analyzed using RQ Manager (Applied Biosystems). U6 was used as a control for miRNA expression normalization and 18S for mRNA normalization. TaqMan assays used for miRNAs (4427975; Applied Biosystems) were hsa-miR-24, 000402; hsa-miR-200c, 002300; hsa-miR-203a, 000507; and U6, 001973. TaqMan assays for mRNAs (4331182; Applied Biosystems) were MYC, Hs00153408_m1; SOX2, Hs01053049_s1; JUN, Hs00277190_s1; and 18S, Hs99999901_s1.
RNA-CLIP
Cells were grown on 10-cm plates until fully confluent and washed once with PBS at RT. Protein-RNA complexes were then cross-linked using 0.75% PFA (EMS-Fisher) in PBS for exactly 5 min at RT with gentle agitation and neutralized with 250 mM glycine in PBS for another 5 min at RT with gentle agitation. Cells were then immediately placed on ice, washed twice with ice-cold PBS, and lysed for 20 min with ice-cold RIPA, containing 2× protease (cocktail III, RPI), phosphatase inhibitors (Pierce), and 100 U/ml RNase Inhibitor (Promega). Cells were scraped, passed through a 29-G needle, and sonicated using a waterbath sonicator (Fisher FS20) for 9 × 2 min, with half-minute intervals in which lysates were cooled on ice. The lysates were then cleared by full-speed centrifugation for 5 min and precleared with Protein G Dynabeads (Life) for 1 h at 4°C with constant end-to-end rotation. Lysate from a total of 4 × 10-cm plates was used per IP. Precleared lysates were subjected to protein quantification using BCA, and an equal protein amount was included in each IP. In parallel, 8 µg antibody or IgG control (011-000-003; Jackson ImmunoResearch Laboratories) were incubated with 40 μl Protein G Dynabeads (Invitrogen) overnight and then washed three times with RIPA buffer. Precleared lysates were incubated with the beadconjugated antibodies overnight at 4°C with constant end-to-end rotation, with the exception of 100 μl kept at −20°C as the total lysate control. Beads were then washed at RT (a) once with RIPA and 5 mM EDTA; (b) twice with a stringent buffer containing RIPA, 5 mM EDTA, and 500 mM NaCl buffer; and (c) twice with RIPA and 5 mM EDTA buffer. Elution of immunoprecipitated complexes and reversal of the cross-linking was then performed by adding to the beads RIPA buffer containing 5 mM EDTA, 2× protease inhibitors, 2× phosphatase inhibitors, 100 U/ml RNasein RNase inhibitor, 50 mM DTT (Sigma-Aldrich), and 1% SDS, at 70°C for 1 h with occasional agitation. Similarly, 50 mM DTT and 1% SDS was added to the total lysate followed by incubation at 70°C for 1 h, to reverse the cross-linking. RNA was then extracted from the eluates using Trizol (Invitrogen), as described above. Immunoprecipitated RNAs were subjected to either RNA-seq analysis to identify mRNAs, as described below, or TLDA, also as described below. qRT-PCRs of precipitated RNAs were performed as above and the results were analyzed using RQ manager 1.2 (ABI/Life) and the Sigma RIP-qRT-PCR Data Analysis Calculation Shell, associated with the Sigma Imprint RIP kit (http ://www .sigmaaldrich .com /life -science /epigenetics /imprint -rna .html) and the references therein. Results were normalized for U6 regarding miRNAs and for 18S regarding mRNAs, and all normalized numbers were expressed as fold difference of the negative control IP (IgG).
RNA sequencing
Immunoprecipitated RNAs from the RNA-CLIP were subjected to RNA sequencing according to the Illumina TruSeq Stranded Total RNA Sample Prep Protocol. In brief, RNA libraries were prepared using 200-500 ng RNA according to the manufacturer's instructions for the TruSeq Stranded Total RNA Sample Prep kit (Illumina). The concentration and size distribution of the completed libraries was determined using an Agilent Bioanalyzer DNA 1000 chip and Qubit fluorometry (Invitrogen). Libraries were sequenced at eight samples per lane to generate 30-40 million reads per sample according to Illumina's standard protocol using the Illumina cBot and cBot Paired end cluster kit version 3. The flow cells were sequenced as 51 × 2 paired-end reads on an Illumina HiSeq 2000 using TruSeq SBS sequencing kit version 3 and HCS v2.0.12 data collection software. Base-calling was performed using Illumina's RTA version 1.17.21.3. Data were processed and analyzed using the Mayo Clinic mRNA-Seq analysis pipeline MAP RSeq (v1.2.1.4). Raw data in the form of FAS TQ files was first processed with the quality control tool FAS TQC (v0.10.1) to generate sequencing QC reports of the samples. Read alignment was performed with Tophat (v2). The aligned BAM file from Tophat was processed using HTSeq (v0.5.3p9) to summarize expression at the gene level. Exon quantification was obtained using customized Perl scripts that leverage BEDTools (v2.16.2) . In addition to raw gene and exon expression counts, normalized RPKM values were obtained for the expression data. For accurate variant detection, GATK UnifiedGenotyper (v1.7) was used to call single nucleotide variants, which were further annotated with quality score, coverage, and additional criteria using GATK Variant Quality Score Recalibration (VQSR). In addition, detailed quality control data to estimate the distance between paired-end reads, evaluate the sequencing depth for alternate splicing analysis, determine the rate of duplicate reads, and evaluate coverage of reads across genes was obtained using RSeQC (v2.3.2) software.
RPKMs from the PLE KHA7 CLIP were compared with those of the negative control (IgG) CLIP, and nonspecific hits were excluded. The PLE KHA7 CLIP RPKMs were then compared with total RNA RPKMs and filtered based on bimodal distribution to include hits represented in both sets. Then, the fold change of PLE KHA7 CLIP RPKMs versus total RPKMs were calculated for all hits, as well as the averages and P values (using paired Student's t test) from four independent experiments. Finally, hits that were at least fourfold enriched in the PLE KHA7 CLIP and statistically significant (P < 0.05) were further considered as positive hits (Fig. 2 B and Table S2 ).
TLDA miRNA analysis
Total RNA was isolated from the RNA-CLIPs as described above, and miRNA analysis was performed using TLDA. The Taqman Human MicroRNA A+B Cards Set v3.0 was used to assess miRNA expression. In brief, 500 ng total RNA was reverse transcribed with Megaplex RT primers and Taqman MicroRNA RT kit. Samples were then amplified with Megaplex Preamp primers and Taqman Preamp master mix. cDNAs were diluted 1:4.33 and loaded with Taqman universal PCR master mix on each low-density array according to the manufacturer's instructions. Amplification kinetics were measured on an Applied Biosystems Prism 7900 FAST sequence detector and analyzed with Sequence Detection System software (Applied Biosystems). The Ct values of the PLE KHA7 RNA-CLIP for each miRNA were compared with the Ct values of the negative control RNA-CLIP (IgG). A Ct value of 40 was given to all runs that gave no amplification after 40 cycles (and value was marked "undetermined"). The miRNAs whose PLE KHA7 CLIP Ct value was consistently higher than the IgG CLIP background value, from three independent experiments, were further included in the study (Fig. 2 D and Table S3 ).
ISH
For ISH, Caco2 cells were grown on slides until confluent, fixed with 10% formalin (Protocol; Thermo Fisher Scientific), dehydrated and rehydrated in a series of 50/70/100/70/50% EtOH solutions, pretreated with peroxide and protease and hybridized. ISH for mRNAs used a RNAscope 2.5 HD Brown assay (322370; Advanced Cell Diagnostics), according to the manufacturer's instructions; probes used were Hs-MYC (311761); Hs-JUN (470541), Hs-SOX2 (400871); positive control probe Hs-PPIB (313906); and negative control probe DapB (310048; all Advanced Cell Diagnostics). ISH for miRNAs used a Ventana Discovery Ultra system as follows: (a) denature probes at 80°C for 4 min; (b) probe hybridize at 60°C for 3 h; miRCU RY LNA detection probes, 250 pmol, 5′-DIG and 3′-DIG labeled: hsa-miR-24-3p (610827-360); hsa-miR-200c (615855-360); hsa-miR-30b-5p (18143-15); U6 (99002-01); scrambled miR control (99004-01; all Exiqon); (c) three stringency washes using 0.5× SSC, at 65°C, 4 min each; (d) application of rabbit anti-DIG antibody (700772, clone 9H27L19; Invitrogen), 1:250 dilution, at 35°C for 30 min; (e) application of UltraMap anti-Rb Alk-Phos (760-4314; joche) for 12 min; and (f) application of ChromoMap Blue (760-161; Roche) for 24 min.
After ISH, in all cases, cells were rinsed twice with PBS and blocked with Protein-Block reagent (X090930-2; Dako) for 10 min. Immunofluorescence analysis was performed with PLE KHA7 (Sigma-Aldrich) or E-cadherin (BD) antibodies diluted in Antibody Diluent (S302281-2; Dako) for 30 min. Cells were then washed three times with PBS and stained with a fluorescence-labeled secondary antibody and DAPI for 30 min. Cells were finally washed three times with PBS, mounted (Aqua Poly/Mount) and imaged using a Leica DM5000B microscope under bright (ISH) and fluorescent (protein immunofluorescence) light. ISH images were pseudocolored, and merged overlays of each field were created using the microscope's Leica suite software. The Coloc 2 module of Fiji software was used to calculate the Manders coefficient (with Costes threshold regression) of the ISH signal versus the junctional costaining (for this, the E-cadherin coimmunofluorescence was used because of background nuclear staining of PLE KHA7 caused by formalin fixation; see also Fig. 1 F) .
PLA
Caco2 cells were transfected with a PLE KHA7-myc construct (Kourtidis et al., 2015) , and a PLA was performed according to the manufacturer's protocol. The assay was performed using Duolink PLA products (Sigma-Aldrich), including In situ Detection Reagents Green and anti-Mouse MIN US and anti-Rabbit PLUS probes. The antibodies against myc (13-2500, 9E10, 1:100; Invitrogen), pAgo2-S387 (AP5291, 1:50; ECM Biosciences), and p120 (1:2,000; F1aSH) were used. Cells were imaged using an ORCA-Flash4.0 LT camera (Hamamatsu Photonics) on an Olympus IX83 inverted microscope with an UPL SAPO Super Apochromatic 60XS2 silicone oil objective (NA 1.30). Image acquisition was controlled with cellSens software. DAPI and Alexa Fluor 488 were imaged with an AT-DAPI BX3 bandpass filter cube (excitation 375/28, emission 460/50, beamsplitter 415LP) and an ET-GFP bandpass filter cube (excitation 470/40, emission 525/50, beamsplitter T495LP), respectively.
Statistical analysis
For quantitative experiments, averages and standard deviations were calculated and presented as error bars, whereas the number of independent experiments performed and the related statistics are indicated in each figure legend. SEM was used for sample size more than 3. Student's two-tailed t test was used for P value calculations because comparisons were between two groups: control and experimental conditions. For all other experiments, at least three independent experiments were performed, and either representative images or all individual points are shown.
Data deposition
The protein interactions from this publication have been submitted to the IMEx (http ://www .imexconsortium .org) consortium through IntAct (Orchard et al., 2014) and assigned the identifier IM-25739. The complete set of the RNA sequencing data have been deposited to GEO under accession no. GSE86986.
Online supplemental material
Fig. S1 shows localization of RISC proteins at the ZA of MDCK cells and validation of the junctional specificity of Ago2 stainings. Fig. S1 also demonstrates localization of Dicer and TRBP at the ZA, validation of these stainings, and coprecipitation of Dicer and TRBP with PLE KHA7. Fig. S2 demonstrates validation of the specificity of the Ago2-S387 antibody and shows effects of p120 knockdown on miRNA and mRNA loading to Ago2. Table S1 includes the pathway analysis of the PLE KHA7 proteomics. Table S2 includes the full list of the mRNAs that were identified by the PLE KHA7 RNA-CLIP. Table  S3 includes the full TLDA miRNA qPCR array data after PLE KHA7 RNA-CLIP. Table S4 shows all the validated interactions between the PLE KHA7-associated miRNAs and mRNAs, mined from MirTarBase. Tables S2-S4 are included as Excel files. 
